We have purified the NADP-dependent 4-dihydromethyltrisporate dehydrogenase from the zygomycete Mucor mucedo. The enzyme is involved in the biosynthesis of trisporic acid, the sexual hormone of zygomycetes, which induces the first steps of zygophore development. Protein was obtained from the (-1 mating type of M. mucedo after induction with trisporic acid, and purified by gel filtration and affinity chromatography steps. On SDS-PACE a band with an apparent molecular mass of 33 kDa was ascribed to the enzyme. After transferring onto PVDF membranes the protein was digested with endoprotease Lys-C, and several psptides were sequenced. Oligonucleotides derived from protein sequence data were used for PCR amplification of genomic M. mucedo DNA. The PCR fragment was used as probe for isolation of the corresponding cDNA and complete genomic DNA clones. Comparison of protein and DNA sequence data showed that the cloned fragment corresponded to the purified protein. Search for similarity with protein sequences of the Swiss-Prot database revealed a relationship to enzymes belonging to the aldoketo reductase superfamily. Southern-blot analysis of genomic DNA with the labelled cloned fragment detected a single-copy gene in both mating types of M. mucedo. PCR with genomic DNA from other zygomycetes gave rise to several fragments. Hybridization analysis with the cloned M. rnucedo fragment showed that a fragment of similar length crosshybridized in Blakeslea trispora (Choanephoraceae) as well as in Parasitella parasitica and Absidia glauca (Mucoraceae). The promoter region of the gene contains DNA elements with similarity to a CAMP-regulated gene of Dictyostelium discoideum .
INTRODUCTION
Early studies of sexual reactions between different species of zygomycetes often revealed the development of structures which resembled stages o€ sexual differentiation, but which could not develop to fertile zygospores (Buwgeff, 1924; Blakeslee & Cartledge, 1827) . These experiments Abbreviations: RT, reverse transcriptase; TA, trisporic acid.
The EMBL accession number for the sequence reported in this paper is
273540.
were used to classify (+) and (-) mating types of zygomycetous strains. Later, the sexual pheromone pathway of Mm-ur rn,wedo and Bhkeslea h+sporu was described in detail (Nieuwenhujs & van den Ende, 1975 ; Eu'Lock e t a]., 1976; see Gooday, 1994 , for a review). The two mating types produce different precursors which can be converted exclusively by the complementary mating type to the active form, the sexual hormone trisporic acid (TA) . The ( + )-typespecific precursor 4-dihydromethyl-TA is converted to methyl-TA by a dehydrogenase of the (-1 mating type and subsequently to TA by a (-)-typespecific esterase. TA stimulates its own production and IP: 54.70.40.11
On: Sat, 12 Jan 2019 16:41:45 K. C Z E M P I N S K I a n d OTHERS also the activity of the dehydrogenase (Werkman, 1976) . NADP and to some degree also FAD are accepted as cofactors. Enzyme activity could be found in cell extracts of both mating types of M. mtrwdu. However, no conversion of 4-dihydromethyl-TA to TA could be found ila vzvo with the (+) mating type (Werkman, 1976) . We are interested in the mycoparasitic interaction between Parasitella purasiti~a and its host Absidia glazm, both belonging to the family hhcoraceae. Some physiological observations in this system led to the hypothesis that links exist between the sexual development and the parasitic interaction. One argument for this assumption is the fact that the parasite discriminates between the mating types of the host. Analogous to the mating-type reaction, only ( +)-type P. parasitica strains infect (-)-type A. glauca strains, and only (->-type P. parasatica strains infect (+ )-type A. gkazica strains (Burgeff, 1924) . Some similarities between sexual and parasitic development could be found. In the sexual reaction cytoplasmic fusion occurs between special regions of hyphal tips, the progametangia, of the two mating types. The interaction between parasite and host also involves cytoplasmic fusion between the partners. Recently, we demonstrated an active parasexual gene transfer system from the parasite to the host (Kellner e t al., 1493) . P. p a r a d i m infects a wide variety of other fungal species, all belonging to the order Mucorales. The sexual communication system works between different species of this order. It was demonstrated that TA isolated from B. t~ispora induces zygophores in M . mucedu (Werkman & van den Ende, 1973) . We also showed by thin-layer chromatography that complementary combinations of P. parclsitica and A. glrtlca were able to synthesize TA cooperatively. One idea is that the sexual pheromone system in this parasitic interaction also plays a role in host recognition. Thus, we are interested in isolating genes involved in sexual differentiation. In another approach we characterized cDNA clones of P. parasiticcl, the expression patterns of which are regulated by trisporic acid. Some clones could be identified, most of them belonging to multigene families (Vetter e t al., 1994) .
In this paper we describe the identification and isolation of the gene for 4-dihydromethyl-TA dehydrogenase of M a macedo. Laemmli (1970) . After electrophoresis, proteins were transferred onto PVDF rnembranes (Imrnobilon, Millipore) . After staining with 0-5 % Ponceau S (Sigma) in 1 % (v/v) acetic acid, the appropriate protein band was cut out, fragmented with endoprotease Lys-C, separated by HPLC on a Vydac C18-column, and sequenced as described by Braun et d. (1994) .
METHODS
Enzyme assay and isolation of TA and 4-dihydromethyl-TA. TA was isolated as described by van den Ende (1968) from mixed cultures of both mating types of B. trrispora. TA was extracted from acidified culture medium with chloroform containing 5 % (v/v) 2-propanol, 4-Dihydromethyl-TA was obtained by methylation and reduction of isolated TA suspensions (Werkman, 1976) . Bioactivity of T A and 4-dihydromethyl-TA was measured by zygophore induction and the compounds were analysed by thin-layer chromatography on silica gel 60 F,,, (hkrck) according to Werkman & van den Ende (1373) . Dehydrogenase activity was measured as previously described (Werkman, 1976) . Appropriate protein amounts were incubated for 1 h at 35 "C in the dark in a total volume of 0.5 rnl with 200 pg 4-dihydromethyl-TA, 100 mM Tris/HCI pH 7.8, 0.24 mM nitro blue tetrazoliurn (Sigma), 0.13 mM phenazine methosulfate, 0-78 rnhfl NADP, 0-2 % gelatin. The reaction was stopped by acidifying the solution to pH 1 with HCI. The difference in absorbance was measured at 540 nm. The standard curve was established by reducing nitro blue tetrazolium non-enaymically to formazan with KADPH according to Nachlas e t uL (1960) . One unit of 4-dihydrornethyl-TA dehydrogenase activity is defined as the amount ol enzyme forming 1 pg formazan under the conditions described above. PCR conditions, sequencing and hybridizing conditions. PCR conditions were similar to those described previously (Burmester & Czempinski, 1994 An enzyme of the sex hormone pathway from Mzxcor pH 8.3, 50 rnhf KC1, 0.01 Oi ' o gelatin and 2 LJ Tag polymerase (Boehringer). Fragments were amplified in a programmable water bath (Grant AGO05 Autogene IT, CLF analytische Laborgcrate) for 30 cycles with the following temperature profile: 0.3 min at 94 "C, 0.3 rnin at 45 ' C , 1 min at 72 "C. The following primers were chosen: P1, 5'-CGAATTCIC G/T G/A TCIA A/G IGCCCA-3'; and P2, 5'-CCXGCTGGAA T / C ACITT C/T CA-3' (I: d1MP). T o facilitate the cloning procedure, the primers contained restriction sites for EcoRI or P d I , respectively (shown underlined}. PCR fragments were restricted with both enzymes and ligated into the EcoRI and Smal restriction sites of the polylinker region of pBluescrjpt KS-, pBluescript SIC-(Stratagene) or pTZl8R (Pharmacia Biotech). Ligation products were transformed by standard procedures into Escherlchzrr C O~ XL1 Blue (Bullock ef nl., 1987). Stringent hybridization conditions for Southern blots (Southern, 1975) were as described previously (Burrnester & Czempinski, 1994 ).
-4 partial gene library was constructed of i f f . mlncedo ( -)-type genomic DNA. Gcnomic DNAs of M . mucedu strain CES 109.16 were prepared according to the method described previously (Burrnester & Wostemejw, 1986) . DNXs were restricted with Sac1 and BamHI, separated on 0.8 % agarose gels and fragments 4-5 kb in size were eluted from the gels. Fragments were ligated into the BnmHI and Sac1 site of the polylinker region of pTZl8R and transformed into E. rob XL1 Blue. Approximately lo4 transformants were picked on Petri dishes and used for colony filter hybridization with the radioactively labelled PCR fragment as probe. A genomic clone was isolated, containing a 4.5 kb SrrcI/BczmHI fragment with the whole gene. RNA was prepared from (-)-type ill. muccdo liquid cultures which were induced with TA 4 11 before treatmenr. Liquid cultures nf mycelium were harvested by filtration and homogenized in a mortar under liquid nitrogen, After evaporation of liquid nitrogen, the resulting powder w a s suspended in 8 M guanidine/HCl, 20 mM MES/KOH pH 7.0, 20 mM EDTA, 1 % (v/v> B-mercaptoethanol. After centrifugation a t SOOOg for 5 min the supernatant was extracted with 1 v-01. phenol/chloroftzrm/isoam~l alcohol (25 : 24: 1, by vol,). The aqueous phase was mixed with 0-05 vol. 1 M acetic acid and 0.7 vol, 9 0 % ethanol and precipitated overnight at -20 OC. After centrifugation at 5000 g for 10 min at 4 O C the RNA pellet was washed twice with 3 M sodium acetate pH 5.2 and twice with 7 0 % ethanol, and dried under vacuum. The RNX pellet was redissolved in H,O and used for RT-PCR following the instructions of the manufacturers (3' RACE system, Gibco BRL). The foIlowing primers were used: P3, 5'-CGACTG CAGTGGAACACGTTTCACAGC-3' ; an oligo(dT)-adapter prirncr (AP) ; and the universal amplification primer (UAP) of the 3' RACE system kit. To facilitate cloning, primer P3 contains a P J~I restriction site (shown underlined) and primer UAP a Sall site. The RT-PCR products were eluted from agarose gel, restricted with Sail and Psi1 and ligated into the .Tall and PstI sites of the polylinker region of pRluescript SK-. The ligation products were transhrmed into E. c d i XL1 Blue. : I cDNA clone was obtained and DNA sequences of the genomic PCR and the cDNA clones were determined by standard procedures. .Also the 2.2 kb BamHI/PstI fragment, a part of the genornic clone containing the whole 4-dihydromethyl-TA dehydrogenase gene, was sequenced on both strands.
RESULTS

Isolation and characterization of the 4-d i h yd romet h yl-TA deh yd rogenase
In order to optimize protein yield, cultures of (->-type Ad. mzrcedo were pretreated with TA, which increased thc enzyme activity up to 15-fold. This is in accordance with previous results (W 'erkman, 1976 ). Induction of enzyme activity was also found with 8-ionone, which stimulates the production of p-carotene (Eslava e t af., 1974). After affinity chromatography the proteins were separated by SDS-PAGE. Three bands, with molecular masses of 33, 36 and 57 kDa, could be detected (Fig. 1) (1980) , and enzyme activity was measured. The renatured fraction retained 87 % of the original activity. Renaturation experiments with the 36 kDa protein were not successful. Therefore, we ascribed the 4-dihydromethyl-TA dehydrogenase activity t o the 33 kDa band.
Determination of the protein sequence and cloning of the gene for 4-dihydromethyl-TA dehydrogenase
The proteins from the final electrophoresis purification step were stained with Ponceau solution, cut out and subjected to Edrnan degradation. Because the N-terminus was blocked, successful sequencing required digestion with the endoprotease Lys-C. Several peptide sequences were determined (Table 1) . Protein sequence data were used to design the degenerate primers P1 and P2 (see Methods). These primers were used for PCR, and products could be found a t an annealing temperature of 45 "C. A major PCR product with a length of 0-7 kb was isolated from an agarose gel and cloned in pTZ28R and pI3luescript K S + / -in order to determine the DNA sequence. The PCR clone detected a 4.5 kb BamHI/SacI fragment in Southern-blot analysis with (-)-type M . the 5' and 3' motifs match with consensus motifs known for other eukaryotes. The intron presented here disrupts codon 34, for phenylalanine, of the protein sequence. (Burmester, 1995) . A putative TATA box starts at position 317.
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Protein sequence comparison with data from the SwissProt database shows similarity to proteins belonging to the aldo/keto-reductase superfarnily, Highest similarity is found to the NADPH-dependent xylose reductase of the yeast Pichia stipitis (Arnore eta/., 1991) . The proteins share an identity of 47 YO at the amino acid ievel (Table 2 ). Fig.   3 shows alignments of some protein examples, all belonging to the aldo/keto-reductase superfamily. There was no significant similarity to deh ydrogenases belonging to other superfamilies, such as the short-chain dehydrogenases, or the zinc-containing alcohol dehydrogenases.
The percentages of identical amino acid positions of some On: Sat, 12 Jan 2019 16:41:45 (Fig. 4) . Therefure '-, 1492) . In the aldo/keto reductase superfamily substrates are often hydrophobic substance4 like steroids or in our casc 4-clihydrt,methyI-TI2, which is a derivative of fi-carotene.
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In aldose reductase two possible sites, a tyrosine at position 48 or a histidine at position 110, might act as hydrogen donors in transferring hydrogen. Both regions are highly conserved in all proteins of the superfamily. The 4-dihydromethyl-TA dehydrogenase contains both hydrogen donorfacceptor sites found by similarity at positions 51 and 11 3 of the amino acid sequence (Fig. 3) .
The promoter region of the gene for 4-dihydromethyl-TA dehy drogenase contains sequence elements, the CACA boxes, which were also found in a cAMP-regulated stage -specific gene of Dict_yo~feli,~m discoidem-(Ha be r s t r oh Q: Firtel, 1991)). Promoter deletion experiments showed that deletion of these boxes resulted in a loss of CAMP and developmentally induced expression (Haberstroh & Firtel, 1990) . Similar promoter studies of the gene for 4-dihydroniethyl-TA dehydrogenase should shed light on the role of these sequence motifs in Mgcar.
PCR experiments with DNAs of other zygomycetes show that it is possible to identify genes homologous to the Ad. mucedo 4-dihydromethyl-TA dehydrogenase gene from P. p a r a~i t i~a and A. g&'mca. Transformation with gene replacement vectors will allow the knockout of these genes. Thus, we may be able to reveal moiecular links between parasitic and sexual development.
